, as well as of WSCl 4 and WOCl 4 have been replaced by resource-efficient low-temperature syntheses in room temperature ionic liquids (RTILs). The simple one-pot syntheses generally do not require elaborate equipment such as twozone furnaces or evacuated silica ampoules. Compared to the published conventional approaches, reduction of reaction time (up to 80 %) and temperature (up to 500 K) and, simultaneously, an increase in yield were achieved. In the majority of cases, the solid products were phase-pure. X-Ray diffraction on single crystals (redetermination of 11 crystal structures) has demonstrated that the quality of the crystals from RTILs is comparable to that of products obtained by chemical transport reactions.
Introduction
Chemical synthesis of materials is facing enormous challenges: Energy turnaround for sustainability requires completely new materials with outstanding properties on the one hand, while there is the imperative for resource-efficient use of raw materials and energy through more efficient production of well-known and already used materials on the other hand. Sustainable chemical processes must be conceived and developed, which are working at lower temperature, allow for higher purity and yield, and produce less waste. A promising option is the use of ionic liquids (ILs) -organic salts that are liquid below 100 • C or, for some examples, even at room temperature (roomtemperature ionic liquids, RTILs) [1 -7] -as unique reaction media. The features of these solvents can be widely adapted by variation of their chemical composition. Promising first results have demonstrated that various inorganic materials (metals, alloys, semiconductors, refractory and functional materials) can be produced in ILs near ambient conditions [8 -18] . Hence, this approach enables an enormous reduction of energy usage and technical efforts compared to the so far applied high-temperature processes. At the same time, chemical material syntheses become better controllable, also increasing the energy and resource efficiency. Syntheses in ILs also provide great opportunities to discover completely new low-temperature compounds with potentially outstanding and useful chemical and physical properties [19 -25] .
In this contribution, we want to show some of our own examples from inorganic solid-state chemistry that demonstrate the validity of the low-temperature approach for replacing classical high-temperature synthesis even for compounds with rather complex com-positions and/or unusual oxidation states. We compare the reaction conditions, the obtained yields, and the purity of the products when using RTILs with those of the corresponding conventional syntheses reported in literature. The eleven showcases comprise main-group as well as transition metal chemistry, structures with discrete groups, such as molecules or cationic clusters, as well as network structures.
Results and Discussion
We utilized Lewis-acidic RTILs of the type [BMIm]Cl·xAlCl 3 with x = 1.3 -4.8 ([BMIm] + = 1-butyl-3-methylimidazolium) to synthesize the discussed compounds. Due to the sensitivity of aluminum halides and some of the products to humid air, all manipulations were carried out under inert conditions in an argon-filled glove box, and the reactions under Schlenk conditions or, in two cases, in ampoules. In a first step, the liquid RTILs were formed by reaction of solid [BMIm] Cl with solid AlCl 3 . Subsequently, the reactants were added to the RTIL under argon counter current. After stirring the reaction mixture, typically for about 16 h (overnight), the solution was filtered into a screw cap septum vial to separate unreacted starting material. To promote crystallization by decreasing the Lewis acidity, dry sodium chloride was added to the solution in some cases ( AlCl 3 + Cl − → AlCl 4 − ). The purity of the isolated materials was checked by visual inspection and powder X-ray diffraction. In case of single-phase products, the yields ranged from 39 to 64 %. X-Ray diffraction on single crystals demonstrated that the quality of the crystals from RTILs is comparable to those obtained by slow deposition in high-temperature chemical gas-phase transport reactions. However, using RTILs for the synthesis of materials can also have some disadvantages, such as the coverage of the surface of the product with solvent Table 1 . Atomic parameters for a P 2 I 4 single crystal synthesized in RTIL. ICSD data determined using a conventionally synthesized crystal is given in italics. molecules or hindered crystallization due to the high viscosity of the solutions at room temperature.
In the following, we compare the performances of RTIL-based and conventional syntheses for eleven inorganic compounds in detail. The synopsis (see Table 12 ) also includes five syntheses in RTILs that were previously published by us.
P 2 I 4
Baudler synthesized P 2 I 4 by a modified version of the method of Germann and Traxler as follows [26] : A solution of white phosphorus in CS 2 and a solution of iodine in CS 2 were gradually combined. After 12 h in the dark and quick evaporation of the solvent, orange-red crystals were isolated. We obtained brightred crystals of P 2 I 4 by reacting red phosphorus and iodine in the Lewis-acidic RTIL [BMIm]Cl·4.8AlCl 3 at 120 • C within 3 days (yield 30 %). Thereby, the pyrophoric solution of white phosphorus in highly toxic CS 2 was substituted by a much more convenient and safe alternative. The atomic coordinates (Table 1) correspond well with published data [27] . The triclinic unit cell contains one P 2 I 4 molecule in the shape of a phosphorus dumbbell with terminal iodine atoms.
Te 2 Br
Te 2 Br was formerly synthesized by Rabenau et al. from the elements at 220 to 260 • C with subsequent annealing at 350 • C, quenching, and again annealing at 165 • C for several weeks. To obtain phase pure material, the product had to be extracted from the solid solution by organic solvents in several steps [28] . In contrast, we synthesized phase pure Te 2 Br (Fig. 1) at room temperature by synproportionation of tellurium and TeBr 4 in the RTIL [BMIm]Cl·1.3AlCl 3 within five days. The atomic coordinates correspond to the published data with a maximum deviation of 4 σ ( Table 2) . [29] . By using a hydrothermal approach in concentrated HI acid at the same temperature, Kniep could improve the synthesis and obtained a single-phase product within eight days [30] . We obtained phase pure α-Te 4 I 4 ( Fig. 2) within two days at room temperature by reacting tellurium with TeI 4 in [BMIm]Cl·1.3AlCl 3 . The crystal structure consists of slightly folded Te 4 rings that are saturated with two iodine atoms perpendicular to the ring and two iodine atoms in the plane of the ring. The atomic coordinates correspond to the published data of a structural redetermination [31] with a maximum deviation of 5σ (Table 3) . (5) and pairs of corner-sharing chlorido-aluminate(III) tetrahedra. The atomic coordinates correspond to the published data [32] with a maximum deviation of 7σ (Table 4) .
Te 4 (Bi 6 Cl 20 )
Crystals of Te 4 (Bi 6 Cl 20 ) were first synthesized by Beck et al. using a chemical gas-phase transport reaction in the temperature gradient of 160 to 140 • C. In the course of several days, they obtained single crystals with 40 % yield [33] . We accomplished the synproportionation of elemental tellurium with tellurium(IV) in the presence of BiCl 3 in the Lewis-acidic RTIL [BMIm]Cl·1.3AlCl 3 at room temperature. Addition of anhydrous NaCl to the dark colored filtrate resulted in the precipitation of black crystals in only two days (yield: 54 %, Fig. 3 ). The structure consists of discrete (3) 430 (30) 230 (20) 270 (20) 40 ( (3) 560 (40) 240 (20) 430 (30) 40 ( (3) 400 (30) 250 (20) 410 (30) 30 ( (4) 510 (40) 460 (30) 580 (30) 20 ( Te 4 2+ polycations and chlorido-bismuthate(III) anions [Bi 6 Cl 20 ] 2− . The atomic coordinates correspond to the published data [33] with a maximum deviation of 15σ (Table 5) .
Te 8 (Bi 4 Cl 14 )
Te 8 (Bi 4 Cl 14 ) was also synthesized by Beck et al. using a chemical gas-phase transport reaction in the temperature gradient of 160 to 140 • C in two days with 30 % yield [34] . Contrary to the higher temperature method, we obtained Te 8 [34] correspond to the published data with a maximum deviation of 5σ (Table 6 ). [35, 36] . Later, Beck et al. modified the synthesis in order to improve crystal quality and to finally solve (Table 7) showed no significant difference to the published ones in terms of shape and position of the structural motifs. However, the examined crystal from the IL approach featured a fully ordered crystal structure in the polar space group P6 3 (2) 168 (7) 164 (5) 72 (8) 95 (5) 3 (7) 11 (6) 135 ( tetrahedra [37] . Since the crystallization in both synthesis routes occurs in the same temperature region, the presence of the IL seems to influence the crystal growth.
Bi 6 Cl 7 and Bi 6 Br 7
Bi 6 C1 7 was previously synthesized by Corbett and co-workers by reacting elemental bismuth with molten BiCl 3 or with mixtures of BiCl 3 and KCl at temperatures above 250 • C [38, 39] . The severe problems associated with slowly established equilibria and concomitant metal contaminations of the final product experienced in the former synthetic route are only partially relieved by adding KCl. Later, Beck et al. applied two alterations to Corbett's methods to minimize these problems [37] . In the first method, a reaction between elemental bismuth and BiCl 3 (1 : 2) was performed using a temperature gradient of 265 to 240 • C for one week to get crystals of Bi 6 C1 7 . In the second method, Bi 6 Cl 7 was conveniently synthesized from a melt of elemental bismuth, BiCl 3 , and SbC1 3 (2 : 1 : 4), keeping the temperature at 300 • C for several days to get wellshaped single crystals. We obtained phase-pure Bi 6 Cl 7 by reduction of BiCl 3 with indium metal in the Lewisacidic IL [BMIm]Cl·2AlCl 3 at room temperature after two days (yield: 63 %).
Bi 6 Br 7 was first synthesized by von Benda et al. by annealing a mixture of elemental bismuth and BiBr 3 at 272 • C for two days with subsequent cooling to room temperature. Owing to demixing problems, a single-phase product was not achieved [40] . In contrast, we obtained phase-pure Bi 6 Br 7 by reacting Bi and BiBr 3 in [BMIm]Cl·2AlCl 3 at room temperature with a yield of 71 %. The isotypic crystal structures consist of distorted, tricapped trigonal prismatic Bi 9 5+ polycations and halogenido-bismuthate(III) anions. The atomic coordinates correspond to the published data for Bi 6 Cl 7 [37] and Bi 6 Br 7 [40] , yet a direct comparison is not applicable with respect to the large temperature differences of the measurements (Tables 8  and 9 ).
WSCl 4
WSCl 4 crystallizes in two modifications which have been reported to be formed under different conditions [41 -44] . The triclinic polymorph was first synthesized by Fowles et al. in 1970 from WCl 6 and sulfur at 120 • C with 100 % yield [41] . To obtain suitable crystals for structural analysis, the product had to be recrystallized from CS 2 [42] . In 1989, Cotton et al. synthesized a monoclinic modification from tungsten, sulfur und S 2 Cl 2 at 425 • C with an excess of the elemental educts within more than two days [43] . One year later, Gibson et al. published a low temperature synthesis of WSCl 4 . They let (Me 3 Si)S 2 react with WCl 6 in CH 2 Cl 2 at −30 • C and obtained phase pure (8) 124 (4) 120 (3) 61 (3) 28(3) −3 (3) 3 (3) 102 (2) Br8 0.33093(4) 0.44540 (5) 0.22316 (8) 123 (4) 104 (3) 113(4) −21 (3) 12 (3) 1 (3) 114 (2) Br9 0.93315(6) 0.16241(7) 0 110 (6) 120 (5) 175 (5) 19 (5) 0 0 135 (2) Br10 0.44312(4) 0.08236 (5) 0.30783 (9) 151 (5) 179 (3) 61 (3) 75(4) −1 (3) 7 (3) 130 (2) Br11 0.46264(6) 0.28188(7) 0 119 (6) 140 (5) 140 ( WSCl 4 with 80 % yield after several steps of processing of the solution [44] . However, they performed no X-ray analysis on their product. Therefore, it remains unclear which polymorph was formed. We obtained the monoclinic modification of WSCl 4 by reacting stoichiometric amounts of elemental sulfur and WCl 6 in [BMIm]Cl·1.3AlCl 3 at room temperature with a yield of 55 %. The atomic coordinates of the molecular compound correspond to the published data with a maximum deviation of 4σ (Table 10 ) [43] . Compared to the published synthesis route of monoclinic WSCl 4 , we were able to reduce the reaction temperature tremendously and attained a phase-pure product (Fig. 5) .
WOCl 4
Hess and Hartung synthesized needle-shaped crystals of WOCl 4 by reacting WO 2 and SOCl 2 at 200 • C [45] . We obtained needles of tetragonal WOCl 4 as a by-product of an attempt to synthesize phosphorus-sulfur polycations by reacting elemental sulfur and phosphorus with WCl 6 in [BMIm]Cl·1.3AlCl 3 . The initially undesired oxygen content is probably a consequence of traces of phosphoric acid. The atomic coordinates in the molecular crystal structure correspond to the published data [45] with a maximum deviation of 5σ (Table 11) .
Conclusion
Lewis-acidic, redox-stable RTILs proved to be suitable reaction media for convenient and resourceefficient near-room-temperature syntheses of lowvalent compounds. We have resynthesized various halogenides of main-group elements and transition (20) 510 (20) 310 (10) 10 (20) 170 (10) 80 (10) 424(8) 0.212 (1) 0.5539 (9) 0.0372(8) Cl3 0.0636(4) 0.3018(3) 0.1398 (3) 380 (20) 490 (20) 540 (20) 110 (20) 240 (20) 20 (20) 446(8) 0.062 (1) 0.3016 (9) 0.1396(9) Cl4 0.6136(3) 0.4557(3) 0.1455 (3) 310 (20) 440 (20) 430 (20) 50 (10) 160 ( (3) 430 (20) 410 (20) 520 (20) 90 (20) 140 (20) 80 (20) 465 (8) (3) 490 (20) 530 (20) 340 (20) 10 (20) 190 (20) 10 (20) 445(8) 0.492 (2) 0.212 (1) 0.237(1) Table 11 . Atomic parameters for a WOCl 4 single crystal synthesized in RTIL. ICSD data determined using a conventionally synthesized crystal is given in italics. metals (Table 12 ) at reaction temperatures that were up to 500 K lower than for the conventional syntheses reported in literature. Further advantages are the comparatively fast formation of the products, their high purity and good yield. The latter is also owed to the option that undissolved starting materials can easily be separated by filtration before the crystallization of products starts. The low-temperature syntheses in RTILs can be controlled more accurately than many hightemperature syntheses. For example, the conventional synthesis of Te 4 (Bi 6 Cl 20 ) and Te 8 (Bi 4 Cl 14 ) by gasphase transport necessitates knowledge about and precise control of the proper temperature gradient. The yield depends on the volatility of the transport species, which makes optimization tedious. In RTILs, the stoichiometric ratio of the starting material simply controls the product, while the synthetic protocol remains the same.
Compared to classical crystallization from a hightemperature melt, the formation of by-products by local inhomogeneity or temperature-dependent change of the composition (precipitation of neighboring phases or eutectic mixtures) and by partial evaporation of components (deposition of volatile components during cooling) is avoided. These advantages hold especially for incongruently melting compounds and compounds with high vapor pressure. RTILs can also substitute toxic room-temperature solvents, such as benzene and CS 2 ing, such as liquid SO 2 . The quality of single crystals appears to be competitive to that of the in general wellgrown crystals obtained by slow deposition in a chemical gas-phase transport reaction. No attempts to grow large crystals from ILs were made yet. A further exploration of the fascinating possibilities given by the substitution of classical synthesis routes with the RTIL approach could lead to tremendous energy savings and provide more efficient use of starting materials in the synthesis of inorganic materials. Thus, ILs are expected to play a significant role on the road towards a more sustainable chemical industry.
Experimental Section
All manipulations and reactions were performed with exclusion of air in an UNIlab glove box (MBraun; p( O 2 )/p 0 < 3 ppm, p( H 2 O)/p 0 < 3 ppm) or under dry argon atmosphere (Alphagaz, 99.999 %) in Schlenk tubes. The RTILs were synthesized by mixing [BMIm]Cl (Merck, 98 %) and AlCl 3 (Fluka, 98 % or technical, sublimated three times). In order to remove the ILs, the products were washed with dry CH 2 Cl 2 , except the single crystals, which were directly taken from the IL. Bismuth (Riedel de Haën, chemical pure) was treated twice with H 2 at 220 • C. BiBr 3 (Alfa Aesar, 98 %) and BiCl 3 (Alfa Aesar, 99.999 %) were sublimed prior to use. TeCl 4 was synthesized from the elements (Te: Aldrich, 99.999 %; Cl 2 : Air Liquide, 99.8 %) according to literature [52] . TeBr 4 (Strem, 99.9 %) was sublimed twice. TeI 4 was synthesized by reacting the elements in a fused evacuated silica ampoule at 500 • C. Sulfur (Alfa Aesar 99.99 %) was distilled prior to the reactions. WCl 6 (ABCR, 99.9 %) and indium (Aldrich, 99.999 %) were used without further purification. Iodine (Grüssing, 99.5 %) was sublimed twice before its use. Red phosphorus was washed with NaOH to remove phosphoric acid and dried in dynamic vacuum. Sodium was freshly cut.
P 2 I 4
Red phosphorus and I 2 (molar ratio = 1 : 2, total mass = 270 mg) were sealed together with the Lewis-acidic RTIL [BMIm]Cl·4.8AlCl 3 (mass = 320 mg) in an evacuated quartz ampoule. The red solution was heated for three days at 120 • C. After cooling to room temperature orange plate-like crystals of P 2 I 4 could be obtained besides a dark-brown powder.
Te 2 Br
Tellurium and TeBr 4 (molar ratio = 7 : 1, total mass = 268 mg) were added to 1.5 mL of the Lewis-acidic RTIL [BMIm]Cl·1.3AlCl 3 . The reaction mixture was stirred overnight at room temperature, then filtered to separate unreacted material. Addition of a small amount of anhydrous NaCl to the filtrate led to the precipitation of dark-grey blockshaped crystals of Te 2 Br within five days. Yield: 39 %.
α-Te 4 I 4
Te and TeI 4 (molar ratio = 3 : 1, total mass = 254 mg) were added to 1.5 mL of the Lewis-acidic RTIL [BMIm]Cl·1.3AlCl 3 . The orange-red reaction mixture was stirred overnight at room temperature, then filtered to separate unreacted material. Addition of a small amount of anhydrous NaCl to the filtrate led to the precipitation of black column-shaped crystals of α-Te 4 I 4 within two days. Yield: 64 %. Tellurium, TeCl 4 , and BiCl 3 (molar ratio = 3.5 : 0.5 : 6, total mass = 275 mg) were reacted in 1.5 mL of the Lewisacidic RTIL [BMIm]Cl·1.3AlCl 3 . The reaction mixture was stirred overnight at room temperature, then filtered to separate unreacted material. Addition of a small amount of anhydrous NaCl to the filtrate led to the precipitation of black crystals in the course of two days. Yield: 54 %.
Te 8 (Bi 4 Cl 14 )
The same procedure as described for Te 4 (Bi 6 Cl 20 ) was applied, but the molar ratio of the reactants was taken according to Te 8 (Bi 4 Cl 14 ) (total mass = 285 mg). After two days, black, irregularly shaped crystals were isolated. Yield: 63 %. 
Bi 6 Cl 7
In and BiCl 3 (molar ratio 2 : 3, total mass = 284 mg) were added to the Lewis-acidic IL [BMIm]Cl·2AlCl 3 (volume ≈ 1.5 mL) at room temperature, which immediately turned into a dark-brown solution. The reaction mixture was stirred overnight and then filtered to separate unreacted material. After two days, black needle-shaped crystals were obtained. Yield with respect to BiCl 3 : 63 %.
Bi 6 Br 7
Black shiny needles of Bi 6 Br 7 were synthesized from Bi and BiBr 3 (molar ratio 1 : 1, total mass = 328 mg) in [BMIm]Cl·2AlCl 3 using the same methodology as for Bi 6 Cl 7 . Yield with respect to bismuth: 71 %.
WSCl 4
Equimolar amounts of elemental sulfur and WCl 6 (total mass = 231 mg) were added to 1.5 mL of the Lewis-acidic RTIL [BMIm]Cl·1.3AlCl 3 . The dark-red reaction mixture was stirred overnight at room temperature, then filtered to separate unreacted material. Addition of a small amount of anhydrous NaCl to the red filtrate led to the precipitation of ruby-red platelets of WSCl 4 in the course of three days. Yield: 55 %. Evolution of Cl 2 has not been observed, but soluble sulfur chlorides might have formed in the IL.
WOCl 4
Red phosphorus, sulfur, and WCl 6 (molar ratio = 8 : 1 : 8, total mass = 280 mg) were combined in the Lewis-acidic acid [BMIm]Cl·1.3AlCl 3 (total mass = 320 mg) at 60 • C. Orange needles of WOCl 4 were obtained in small quantities using a chemical gas-phase transport reaction in the temperature gradient of 60 • C (temperature of the IL) to 30 • C (upper part of the Schlenk tube) within three days. The formation of WOCl 4 is a sign for oxidative contamination probably of the phosphorus. In addition crystals of WSCl 4 were formed above the meniscus of the IL.
X-Ray structure determinations
The powder diffraction patterns were measured using a Stoe STADI P powder diffractometer equipped with a position sensitive detector covering 90 • in 2θ and using CuK α 1 radiation. The sample were sealed in 0.3 mm glass capillaries and kept spinning during the data collection at 296(1) K. Because of the high moisture and air sensitivity of the isolated substances, crystals were selected in an argon filled glove box and sealed in glass capillaries of 0.2 mm diameter. Intensity data of the single crystals were recorded using an imaging plate diffraction system IPDS-I or IPDS-II (Stoe & Cie., Darmstadt) with graphite-monochromated MoK α radiation at 296(1) K or 100(5) K. The raw data were corrected for background, polarization, and the Lorentz factor. The microscopically determined description of the crystal shape was optimized [53] , based on sets of equivalent reflections and then utilized for a numerical absorption correction [54] . In case of P 2 I 4 a spherical absorption correction with µr = 1 was applied. The structures were solved with Direct Methods and subsequent difference Fourier syntheses and refined by full-matrix least-squares on F 2 o (SHELX-97 [55, 56] ) using anisotropic displacement parameters for all atoms. The 
